the time of testing, suggesting that cognitive tests performed during the first hour of dialysis are a valid assessment of cognitive performance.
shared decision-making between dialysis patients and providers occurs during the dialysis procedure, little research has explored the effect of HD on cognitive performance. Attempting to address this question, one prior study showed a decline in cognitive function during HD compared to other testing times but was limited by small size and incomplete follow-up testing [14] . Accordingly, using a randomized, cross-over design in 40 prevalent HD patients, we assessed whether there are differences in cognitive function that are temporally related to the HD procedure.
Methods

Study Design
A randomized cross-over design was utilized to allow for the assessment of differences in cognitive performance with participants acting as his/her own control, addressing potential imbalances between the two randomized groups. Participants were block randomized via sealed envelopes into one of two arms (A-B): testing in the hour before dialysis initiation (A) followed by testing 1 month later during the first hour of dialysis (B), or (B-A): testing during the first hour of dialysis followed 1 month later by testing in the hour before dialysis initiation. A 1-month washout period was chosen so as to attenuate the learning effect from repeated testing while avoiding the potential for cognitive decline due to medical reasons and participant dropout that would occur over a longer time period. The first hour of dialysis was chosen to allow for completion of the full battery of tests; preliminary results indicated that fatigue limited participants from completing the full battery when tested during later in the dialysis procedure.
Participant Selection
Patients receiving chronic in-center HD at five Dialysis Clinic Inc. (DCI) units and one hospital-based unit (St. Elizabeth's Medical Center) in the greater Boston area were evaluated using previously described criteria for entry into the Cognition and Dialysis Study; these included age >18 years, no non-access-related hospitalizations within 1 month, receipt of HD therapy for longer than 1 month, and single-pool Kt/V >1.0 [7] . To allow for accurate assessment with the cognitive battery, other eligibility criteria included English fluency as well as sufficient visual and hearing acuity. To minimize cognitive testing floor effects and reflecting inability to provide consent, individuals with Mini-Mental State Examination [15] (MMSE) ≤ 10 and/or advanced dementia based on medical record review were not eligible. The Tufts Medical Center/Tufts University Institutional Review Board approved the study and all participants who underwent cognitive testing signed informed consent. The clinical and research activities being reported are consistent with the Declaration of Helsinki.
Demographic, clinical and laboratory factors were ascertained at the time of first cognitive testing. Education (<12th grade, high school graduate, and ≥ 2 years of college) was obtained via patient questionnaire. Demographic data and medical history were determined by patient history or documentation in the medical chart. Cause of ESRD and dialysis vintage were obtained from the DCI or St. Elizabeth's electronic record as were the mean monthly systolic and diastolic blood pressures, body mass index (BMI), predialysis blood tests including hematocrit, phosphorus, intact parathyroid hormone, albumin, and single-pool Kt/V. All DCI laboratory tests were measured in a central laboratory in Nashville, Tenn.
Outcomes
Participants were administered a battery of cognitive tests by research assistants following training and direct observation by the study neuropsychologist (T.M.S.). All tests were administered in the same location within each HD unit with effort made to limit noise and interruptions, with individual tests administered in the same order, regardless of testing period (before vs. during). The neuropsychological battery included well-validated commonly used cognitive tests that possess high inter-and intra-rater reliability, with many having established age, sex, and/or educationmatched normative scores. Tests included the MMSE [15] , the North American Adult Reading Test (NAART) [16] [20] . The overall battery assesses a broad range of functioning including global ability, supraspan learning, auditory retention, visual retention, attention/mental processing speed, visual construction/fluid reasoning, and motor speed.
Statistical Analysis
Primary analyses were done using a mixed model for each cognitive score of the form:
Y ijk = μ + SEQ i + Subj ij + PERIOD k + TIME l + e ijk where SEQ i is the sequence or the randomized group assigned (A-B or B-A), PERIOD k is the k th testing period (first or second) and TIME is whether the testing was done prior to (A) or during (B) dialysis. Sequence, period and time are fixed effects, while subject is a random effect which accounts for correlation in test scores for each individual participant. The primary study question of a dialysis effect, representing the difference in cognitive scores between the two testing times (A and B), was tested with the TIME term, while the PERIOD effect captures potential learning (if performances on second tests are different than first tests). Demographic and clinical characteristics for study participants were reported as means with standard deviations (SDs) for continuous variables or percentages for categorical variables and compared using t tests, Wilcoxon signed rank tests and χ 2 tests as appropriate between the two randomized groups. Pre-study power calculations were based on a sample size of 40 patients. We conservatively assumed a correlation of 0.5 between results of cognitive testing performed prior to HD and during HD, which allows an 80% power to detect a difference of 0.45 SDs between testing periods. For a SD of 2.9 for the MMSE, as observed in our baseline data, there is 80% power to detect a difference of 1.3. Similarly, using a SD of 85 for the Trails B, we calculated 80% power to detect a difference of 38. These power calculations are identical for testing the hypothesis regarding 'learning' between the first and second time periods. All analyses were performed using SAS, version 9.3 (SAS Institute, Cary, N.C., USA). Differences were considered statistically significant at a p value <0.05.
Results
We assessed 256 patients for eligibility; 103 were deemed ineligible for study enrollment, with lack of English fluency (n = 64), dementia (n = 17), and insufficient vision (n = 11) the most common criteria ( fig. 1 ). Of those eligible for randomization (n = 153), 109 declined consent for entry into the study. Compared to those who consented, the patients who declined consent were significantly older (67 vs. 59 years) and were more likely to have diabetes as a cause of ESRD (23 vs. 10%), but were otherwise similar with regard to sex, race, and dialysis vintage.
Of the remaining 44 patients, 3 withdrew prior to start of testing, leaving 41 study participants that were randomized, with 21 assigned to arm A-B (before followed by during dialysis) and 20 to arm B-A (during followed by before dialysis) ( fig. 1 ). One subject underwent kidney transplantation after the first set of testing and did not complete a second round of testing. Of the 40 patients with two full sets of tests, the mean age was 59 years; 40% were women, 23% African-American, and 56% had some Mixed models assessing for a dialysis effect (primary study question, before vs. during), and adjusting for period (learning, first vs. second test regardless of before or during dialysis) and sequence (A-B vs. B-A) demonstrated no difference in tests conducted before versus during dialysis sessions ( table 3 ) . Using the same mixed models, a learning effect was again seen, with a difference (95% CI) of 2.9 (1.5, 4.3) and 0.9 (0.3, 1.5) for the 
Discussion
In this study, we found no evidence of lower cognitive performance associated with testing during the first hour of dialysis compared to during the hour prior to dialysis initiation. This result was consistent across a broad array of cognitive tests that test multiple cognitive domains. Although a learning effect was observed in two of the eight tests, including one test focused on memory and a second that incorporates working memory, this effect was adjusted for in the primary analyses evaluating timing of testing. These results suggest that testing early in the course of a HD treatment may be an accurate proxy for testing while not in the HD unit. This finding has multiple important implications. First, it provides evidence that it is reasonable to provide patient education and to initiate shared decision-making during this period, assuming a particular patient's baseline cognitive function allows for successful education. Second, for research purposes, it confirms the validity of performing cognitive testing during a dialysis procedure. This is relevant as prior studies detailing cognitive function in dialysis patients were conducted during the dialysis procedure [7, 14] .
Two prior studies have addressed similar questions regarding the timing of cognitive testing. Murray et al. [14] performed cognitive testing in 33 HD patients at four different time periods: 1 h before, during (45-90 min from start), 1 h after, and 24-30 h after. Contrary to our findings, they noted a modest decrease in cognitive performance during dialysis sessions compared to 1 h before, 1 h after, and 24 h after. However, many subjects (15 of the total 33 who were recruited) did not complete all testing at all four time periods, potentially affecting the study findings. Additionally, testing during the dialysis procedure was done 45-90 min from the start of HD, while our study conducted testing shortly after dialysis initiation. Williams et al. [21] also explored temporal variation in cognitive performance among 20 HD patients. In contrast to our study, this study did not randomly vary the timing of testing and did not test cognitive performance during HD, instead administering tests 1 h after dialysis, as well as 24 and 67 h after dialysis. They found that cognitive function was worst at 67 h after dialysis, compared All scores are the number correct, with higher values indicating better performance, except for the Trail Making Tests, where higher time to complete identifies worse performance. Scores are for the specified groups (each participant appears twice) and are not adjusted for the timing or period of testing. to 1 and 24 h after dialysis. Notably, testing was limited to three tests addressing attention, memory, and intelligence, and findings were not consistent across all three of these tests.
There are several possible explanations for our results. Although it is well known that HD patients have high rates of cognitive impairment, HD-induced cognitive impairment may be mediated only through chronic and repeated dialysis sessions. The effect may occur through repeated episodes of hypotension [12] , microbleeds in the brain associated with anticoagulant use [22] , or chronic dialysis disequilibrium [23] . Moreover, it has become increasingly evident that cognitive impairment in HD patients is partly and perhaps predominantly due to cerebrovascular disease, a process which, although at times acute and catastrophic, is also chronic and subtle [24] , and therefore less likely to fluctuate in the setting of a single HD session.
We acknowledge that our study findings may be limited by our modest sample size, which may hinder the ability to detect small differences in cognitive performance between testing times. Attempting to partially address this limitation, our choice of a cross-over study design was in part made to increase the statistical power. Another potential limitation of our study is the 'washout' period used between testing. It is possible that this 1-month interval was either too short, allowing for excess learning, or too long, allowing for cognitive decline. Given the poor health status of many dialysis patients, a longer interval between testing days also increases the possibility of hospitalization or major illness, both of which could affect cognitive performance. In this context, we felt a 1-month interval was most appropriate, despite a higher likelihood for learning to occur. However, a significant learning effect was detected in only two tests, and the mixed model statistical analysis was designed to account and adjust for the possibility of learning between testing periods. A further limitation is that our patient sample was younger, had less comorbidity, and was, on average, more educated than the average US HD patient, Period (learning effect) = difference in scores for first time taking test and second time taking test; dialysis effect = difference in scores for testing before and during first hour of dialysis. For all tests, except the Trail Making Tests, a negative β coefficient is consistent with learning, while for the Trail Making Tests a positive β coefficient indicates learning. Similarly, for all tests except the Trail Making Tests, a positive timing β coefficient suggests before dialysis performance is superior to during dialysis, while for the Trail Making Tests, a negative timing β coefficient suggests before dialysis performance is superior to during dialysis. which may limit the generalizability of our results. Each of these differences would predispose towards better baseline cognitive function and thus could potentially make our participants less susceptible to cognitive decline associated with the HD procedure. In addition, this potential bias could imply that we did not have enough power to detect a difference in testing times. However, this difference would most likely be modest, making it less clinically meaningful. It is also important to note that even this younger population has a high prevalence of cognitive impairment when compared with normative data [25] . Similarly, as shown by Murray et al. [3] among participants age 55-64 years, only 26% had either normal cognitive function or only mild cognitive impairment, while 45% had moderate cognitive impairment and 29% had severe cognitive impairment. Given that our mean age falls within this group and that the data from Murray et al. suggest an impressive burden of cognitive impairment in even this younger group, we do not view the inclusion of younger patients overall as a major limitation . Finally, our study does not include testing on a non-HD day, which with potentially fewer uremic symptoms and a lack of post-dialysis fatigue could be argued to provide a better comparison to testing during HD. Our choice of testing times was based on the practical aspect of testing during times in which a patient is likely to have interaction with a medical provider.
Our study has several strengths. First, the cognitive battery used in this study is comprehensive, incorporating multiple previously validated cognitive tests. Thus the null findings across all cognitive tests provide additional validity to the results. Second, our study uses a randomized cross-over design, allowing each subject to serve as his/her own control which may reduce the effect of confounding created by imbalances between randomized groups. Finally, despite a modest sample size, our study is the largest and most complete to date assessing whether there is difference in cognitive performance depending on timing of testing.
In conclusion, we did not detect a difference in cognitive performance if patients were tested before or during the first hour of dialysis. We recognize these findings are not definitive given the modest size, the select sample, and variability in the day of testing, but these results are relatively reassuring as a significant percentage of provider-patient interaction occurs during the dialysis treatment. It is important to note that as we did not perform testing later in dialysis sessions, we are unable to comment as to whether these findings apply to the entire dialysis session. Future studies should explore the risk factors for cognitive impairment and attempt to identify interventions which may improve cognitive function in dialysis patients.
